We reveal the origin of the CP violation required by the leptogenesis in variously popular seesaw models. Especially we clarify that in a pure type-I/III seesaw with two fermion singlets/triplets, a combined type-I+III seesaw with one fermion singlet and one fermion triplet, or a combined type-I/III+II seesaw with one fermion singlet/triplet and one Higgs triplet, the CP violation for the leptogenesis can exactly come from the imaginary part of the neutrino mass matrix in a special basis where the Yukawa couplings involving one fermion singlet/triplet are allowed to get rid of any CP phases. We also generalize our findings as a very good approximation when these seesaw scenarios are extended by more fermion singlets/triplets and Higgs triplets while the leptogenesis is realized by the decays of the lightest fermion singlet/triplet. . This requires a mixing among three flavors of massive neutrinos and hence a necessity for new physics beyond the standard model (SM). Meanwhile, the cosmological observations have indicated that the neutrino masses should be in a sub-eV range [1] . In order to naturally explain the smallness of the neutrino masses, we can resort to the famous seesaw mechanism [2] [3] [4] [5] . The essential feature of the seesaw mechanism is that the neutrino masses can be highly suppressed by a small ratio of the electroweak scale over a newly high scale. Currently, the most popular seesaw models include the so-called type-I [2-5], type-II [6-10] and type-III [11] seesaw. The type-I/III seesaw is realized by introducing some fermion singlets/triplets with a heavy Majorana mass term as well as the Yukawa couplings to the SM lepton and Higgs doublets. As for the type-II seesaw, it contains some heavy Higgs triplets with the Yukawa couplings to the SM lepton doublets as well as the cubic couplings to the SM Higgs doublet.
Introduction: The atmospheric, solar, accelerator and reactor neutrino experiments have established the phenomena of neutrino oscillations [1] . This requires a mixing among three flavors of massive neutrinos and hence a necessity for new physics beyond the standard model (SM). Meanwhile, the cosmological observations have indicated that the neutrino masses should be in a sub-eV range [1] . In order to naturally explain the smallness of the neutrino masses, we can resort to the famous seesaw mechanism [2] [3] [4] [5] . The essential feature of the seesaw mechanism is that the neutrino masses can be highly suppressed by a small ratio of the electroweak scale over a newly high scale. Currently, the most popular seesaw models include the so-called type-I [2] [3] [4] [5] , type-II [6] [7] [8] [9] [10] and type-III [11] seesaw. The type-I/III seesaw is realized by introducing some fermion singlets/triplets with a heavy Majorana mass term as well as the Yukawa couplings to the SM lepton and Higgs doublets. As for the type-II seesaw, it contains some heavy Higgs triplets with the Yukawa couplings to the SM lepton doublets as well as the cubic couplings to the SM Higgs doublet.
Remarkably, these seesaw models can also accommodate a leptogenesis [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] mechanism to solve the puzzle of the cosmic matter-antimatter asymmetry, which is equivalent to a baryon asymmetry. In this seesaw and leptogenesis scenario, the neutrino mass and the baryon asymmetry can be simultaneously induced by certain interactions involving the newly heavy particles. However, such seesaw models contain many free parameters. This leads to a conventional wisdom that the corresponding leptogenesis cannot give a distinct relation between the baryon asymmetry and the neutrino mass matrix unless we do some assumptions on the texture of the relevant masses and couplings. For example, ones can expect a successful leptogenesis in the canonical type-I seesaw model even if the neutrino mass matrix does not contain any CP phases [22] .
In this work we shall reveal that in a pure type- * Electronic address: peihong.gu@sjtu.edu.cn I/III seesaw with two fermion singlets/triplets, a combined type-I+III seesaw with one fermion singlet and one fermion triplet, or a combined type-I/III+II seesaw with one fermion singlet/triplet and one Higgs triplet, the CP violation required by the leptogenesis exactly originates from the imaginary part of the neutrino mass matrix. This is because for a special basis, the Yukawa couplings involving one of the two fermion singlets/triplets or the unique Higgs triplet are always allowed to absorb all of the physical CP phases in the lepton sector. We shall also clarify that in the seesaw models with more fermion singlets/triplets and Higgs triplets, the imaginary part of the neutrino matrix approximately is the source of the CP violation for the leptogenesis by the decays of the lightest fermion singlet/triplet.
The type-I/II/III seesaw models: For simplicity, we do not write down the full SM Lagrangian. Instead, we only show the part of the lepton sector, i.e.
where φ, l Lα and e Rα (α = e, µ, τ ) respectively stand for the Higgs scalar, the left-handed leptons and the righthanded leptons, i.e.
Here and thereafter the brackets following the fields describe the transformations under the SM SU (3) c × SU (2) L × U (1) Y gauge groups. Note we have taken the Yukawa couplings in Eq. (1) to be real and diagonal without loss of generality and for convenience.
We then review the most general type-I/II/III seesaw [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] ,
where N Ri , ∆ i and T Li (i = 1, ..., n ≥ 1) respectively denote the fermion singlet(s), the Higgs triplet(s) and the fermion triplet(s), i.e.
In the above Lagrangians, the CP phases only exist in the Yukawa couplings involving the fermion singlet(s)/triplet(s) and the Higgs triplet(s). This can be always achieved by a proper phase rotation. It is easy to see that in a type-I/III, type-I+III or type-I/III+II seesaw extension of the SM, the Yukawa couplings involving one fermion singlet/triplet can be further chosen to be real. In other words, all of the CP phases in the lepton sector can be included in the Yukawa couplings of the other fermion singlet(s)/triplet(s) to the lepton and Higgs doublets, and/or the Yukawa couplings of the Higgs triplet(s) to the lepton doublets. For the following demonstration, we conveniently assign
Actually, the above assignment can be understood by the phase rotation as below,
The neutrino mass matrix and its CP phases: When the Higgs scalar φ develops its VEV φ = φ 0 = v ≃ 174 GeV to spontaneously break the electroweak symmetry, the left-handed neutrinos ν L can acquire a tiny Majorana mass term by integrating out the heavy fermion singlet(s)/triplet(s) and/or Higgs triplet(s), i.e.
Here the mass matrices m I/II/III ν are the type-I/II/III seesaw [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] ,
the diagonal matrixm gives three neutrino mass eigenvalues,m
while the PMNS matrix U determines the mixing among three neutrino flavors [1] , 
Clearly the neutrino mass matrix m ν is allowed to contain three physical CP phases: two Majorana phases α 1,2
and one Dirac phase δ. The physical CP phases α 1,2 and δ as well as the unphysical CP phases β 1,2,3 can appear if and only if there are some complex Yukawa couplings in the seesaw formula (8) . By inserting the assignment (5) into the seesaw formula (8), we conclude in the pure type-I/III seesaw, the combined type-I+III seesaw or the combined type-I/III+II seesaw, one fermion singlet/triplet will never contribute to the imaginary part of the neutrino mass matrix, i.e.
• in the type-I seesaw,
• in the type-III seesaw,
• in the type-I+III seesaw,
• in the type-I+II seesaw,
• in the type-III+II seesaw,
The CP violation for leptogenesis: Either the fermion singlet(s)/triplet(s) or the Higgs triplet(s) or both can decay to generate a lepton asymmetry as long as the CP is not conserved. This lepton asymmetry then can partially get converted to a baryon asymmetry through the sphaleron processes [23] . Specifically, the final baryon asymmetry can be described by [24] 
Here c sph = − 
c . The CP asymmetries ε Ni/∆i/Ti well characterize the CP violation required by the leptogenesis and they are evaluated at one-loop level [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] ,
ε Ti = 1 8π
where
We find the CP violation ε Ni/∆i/Ti can have an exact or approximate dependence on the imaginary part of the neutrino mass matrix in some cases. Actually we read
• in the type-I seesaw with two fermion singlets,
, (21a)
• in the type-III seesaw with two fermion triplets,
• in the type-I+III seesaw with one fermion singlet and one fermion triplet,
, (23a)
• in the type-I+II seesaw with one fermion singlet and one Higgs triplet,
, (24a)
• in the type-III+II seesaw with one fermion triplet and one Higgs triplet,
, (25a)
When the above special seesaw models are extended by more fermion singlet(s)/triplet(s) and Higgs triplet(s), we can expect a leptogensis by the decays of the lightest fermion singlet/triplet. In this case, we can denote the lightest fermion singlet/triplet by N 1 /T 1 and then consider the assignment (5) in Eqs. (17) and (19) . The CP violation then can be simplified as
which is easy to give us an upper bound [26, 27] . Ones may be interested in the so-called DavidsonIbarra parametrization [22] , under which the Yukawa couplings g/h in the pure type-I/III seesaw are determined by
with O being an arbitrary complex orthogonal matrix. Ones hence conclude that in the presence of the complex orthogonal matrix O, the Yukawa couplings g/h can be complex even if the PMNS matrix U does not contain any CP phases. The CP asymmetry (26) then can be irrelevant to the PMNS matrix, i.e.
Under our assignment (5), the CP asymmetry (26) depends on a complex diagonal matrix X besides the PMNS matrix U , see Eqs. (6) and (7). Clearly, our X matrix is very simple, compared with the O matrix. Conclusion: In this work we have revealed the origin of the CP violation for the leptogenesis in the most popular seesaw models. Specifically, we find that in a pure type-I/III seesaw with two fermion singlets/triplets, a combined type-I+III seesaw with one fermion singlet and one fermion triplet, or a combined type-I/III+II seesaw with one fermion singlet/triplet and one Higgs triplet, the Yukawa couplings involving one of the two fermion singlets/triplets or the unique Higgs triplet are always allowed to absorb all of the physical CP phases in the lepton sector. In this basis, the CP violation required by the leptogenesis should exactly come from the imaginary part of the neutrino matrix. We also consider a generalization in the case that these seesaw scenarios are extended by more fermion singlets/triplets and Higgs triplets while the leptogenesis is realized by the decays of the lightest fermion singlet/triplet. This generalization is a very good approximation and is reliable even in the radiative type-I/III and type-I+III seesaw [28, 29] where an inert Higgs doublet, rather than the SM Higgs doublet, is responsible for the Yukawa couplings of the fermion singlet(s)/triplet(s) to the SM lepton doublets.
